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Abstract: Determination of genetic diversity and population structure of breeding material is an
important prerequisite for discovering novel and valuable alleles aimed at crop improvement. This
study’s main objective was to characterize genetic diversity and population structure of a collec-
tion representing a 40-year long historical period of barley (Hordeum vulgare L.) breeding, using
microsatellites, pedigree, and phenotypic data. The set of 90 barley genotypes was phenotyped
during three growing seasons and genotyped with 338 polymorphic alleles. The indicators of genetic
diversity showed differentiation changes throughout the breeding periods. The population structure
discriminated the breeding material into three distinctive groups. The principal coordinate analysis
grouped the genotypes according to their growth habit and row type. An analysis of phenotypic
variance (ANOVA) showed that almost all investigated traits varied significantly between row types,
seasons, and breeding periods. A positive effect on yield progress during the 40-year long breeding
period could be partly attributed to breeding for shorter plants, which reduced lodging and thus
provided higher yield stability. The breeding material revealed a considerable diversity level based
on microsatellite and phenotypic data without a tendency of genetic erosion throughout the breeding
history and implied dynamic changes in genetic backgrounds, providing a great gene pool suitable
for further barley improvement.
Keywords: agronomic traits; breeding history; genetic variability; Hordeum vulgare L.; microsatellites;
pedigree; population differentiation
1. Introduction
Cultivated barley (Hordeum vulgare L.) is one of the most important crops, ranking as
the fourth most produced cereal, after wheat, maize, and rice. It is one of the most adapted
crops to an exceptionally wide range of diverse environmental conditions, grown in more
than 100 countries worldwide [1]. A recent stagnation of barley production in Europe
has primarily been caused by climate change, socio-economic reasons, and agronomic
reasons. Unchanged barley production could be a result of a 15% decline in area, offset by
moderate yield growth and increased yield variability (http://faostat.fao.org). Some of
these trends over Europe may have been caused by recent climate changes. Nevertheless,
it is unlikely that the barley production has reached its maximum genetic yield potential.
However, the frequent use of narrow genetic pools in breeding programs could aggravate
this phenomenon.
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Plant breeding is based on the effective shuffling of genetic variation aimed at generating
new and improved combinations of alleles, and assembling them in a single superior genetic
background. A sufficient level of genetic diversity is a critical component in successful breeding
programs. Nonetheless, modern intensive plant breeding practices led to a reduction of
genetic diversity and formation of a genetic bottleneck as a consequence of relatively narrow
germplasm pools used throughout breeding processes [2]. Aside from modern breeding,
the long-term domestication history also greatly impacted the trend of the loss of genetic
diversity [3]. This huge decrement of genetic variability could hinder breeding endeavors in
coping with current and future challenges of biotic and abiotic stresses [4].
Numerous studies revealed different levels of genetic diversity in accessions from
various geographic origins [5–10]. A considerably higher level of genetic diversity and the
number of haplotypes was found in wild barley accessions and landraces compared to
present-day cultivated barley genotypes [11–13]. The level of genetic diversity consider-
ing allelic richness, gene diversity, and percentage of unique alleles in cultivated barley
genotypes ranged from very low in regions of Europe [14] to extremely high compared
to other continents [7,15,16]. In addition, barley genotypes can be divided into groups
according to the spike morphology, intended use, and seasonal growth habit, which is the
result of strong selection for different target traits such as yield, malting quality, resistance
to diseases, and tolerance to abiotic stresses [17,18]. The factors with the largest effects
on population structure in plants were determined as mutations, human and/or environ-
mental selection, genetic drift, mating system, and growth habit [19]. In the case of barley,
these factors were manifested in a mutation of an ancestral wild-type two-rowed barley
resulting in a recessive six-rowed type after domestication [20], geographical segregation
and separate breeding of the two- and six-rowed types, and their adaptation to different
environments leading to differentiation of the spring and winter forms [21].
The knowledge of allelic composition of parental lines could facilitate breeding for
certain agroclimatic regions [10]. Among various methods based on morphological, physio-
logical, and biochemical information in the last decades, DNA-based markers are routinely
used for detection of polymorphism, marker-assisted selection, fingerprinting, diversity
studies, and many other molecular and genetic analyses [22]. The level of genetic diversity
can be estimated with pedigree data; however, one of its major deficiencies is a lack of relia-
bility of pedigree information due to insufficient, faulty, or incorrect data in the available
literature. Assessment of genetic diversity directly on the DNA level by estimation of the
proportion of alleles identical by state [19] could be of great assistance during the transfer
of desired combinations of disease resistance, quality, or yield-related traits into the existent
modern genotypes [23]. After several decades of applying molecular markers in differ-
ent genetic studies, microsatellites are still being used for crop improvement in breeding
programs due to their high levels of polymorphisms, codominant and multiallelic nature,
an unambiguous designation of alleles, relative assay simplicity, high reproducibility, and
stability [21,22,24,25]. The value of simple sequence repeats (SSRs), as a powerful means
for genome mapping, variety identification, and genetic analyses in barley breeding, has
been highlighted in many studies [6–8,23,26–28]. Estimation of genetic diversity by SSR
markers associated with specific traits may reveal the real effects of selection during mod-
ern breeding compared to detecting polymorphism in non-coding genomic regions [29,30].
The discovery of highly sophisticated breeding tools and access to a broad genetic diversity
of barley are two main cornerstones for increasing gain from selection and will probably
remain the major key factors for further breeding progress.
Although the presence of valuable genetic diversity in breeding material is one of the
main prerequisites for creation of superior yield varieties with high-quality characteristics,
limited information is available on genetic diversity of barley genotypes from central and
southeast Europe that are widely used in Serbian breeding programs, and it is mostly based
on morphological and physiological traits. The use of these genetic resources in barley
breeding started more than 70 years ago with collecting local landraces, followed by the
introduction of foreign varieties well-adapted to the local agroecological conditions and
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development of modern varieties [31]. In addition to the considerable achievements during
barley breeding history, better insight into genetic diversity on a phenotypic and, especially,
on a molecular level is crucial for further breeding improvements.
The main aims of this study are to determine genetic diversity and population structure
of a representative barley germplasm using SSR markers, pedigree, and phenotypic data, to
compare genetic diversity of three main historical breeding periods, including the diversity
between different groups of varieties, and to validate the suitability of the collection for
further quantitative trait studies.
2. Materials and Methods
The barley collection of the Institute of Field and Vegetable Crops (IFVCNS) in Novi
Sad, Serbia, comprises more than 700 winter and 400 spring barley varieties and elite
breeding lines. From this collection, a core set of representative 90 genotypes, originating
from Bulgaria, Czech Republic, Croatia, France, Germany, Hungary, Romania, and Serbia,
was selected based on their row type, seasonal growth habit, and good adaptability to
environmental conditions of central and southeastern Europe, for phenotypic and molecu-
lar characterization. All the genetic materials were obtained from the IFVCNS collection,
which were adapted to wide geographical regions across the country (Table 1). This repre-
sentative panel consisted of varieties released from the early 1970s until 2012. The spring
barley varieties NS Vujan, NS Marko, and NS Mile were included in the field trials in 2011
and 2012 as experimental lines, before their official release in fall 2012. Based on growth
habit and row type, the panel represented 36 winter two-rowed, 35 winter six-rowed,
and 19 spring two-rowed barley genotypes. The spring six-rowed genotypes were not
represented in the panel. The lack of industrial need for the spring six-rowed barley in this
part of southeast Europe has led to its absence on the market and subsequently in breeding
programs and commercial production.
For molecular analyses, total genomic DNA was extracted from a young leaf seedling
of each of the 90 genotypes using a modified Cetyl trimethylammonium bromide (CTAB)
method [32]. PCR amplifications were performed according to the protocol outlined by
Röder et al. [33]. Fifty SSR markers with their primers and annealing temperatures were
obtained from the GrainGenes database (Table S1). The selection of markers was made
based on their associations with important agronomic traits and their even distribution
along all seven chromosomes: 1H (7), 2H (8), 3H (6), 4H (7), 5H (7), 6H (7), and 7H (8).
PCR was performed in a reaction mixture of 10 µL containing 30 ng of template DNA, 1 ×
PCR buffer, 2 mM MgCl2, 0.2 mM of each deoxynucleotide, 5 pmol of each fluorescently
labelled forward and unlabeled reverse primers, and 1 unit of Taq polymerase (Applied
Biosystems, Foster City, CA, USA). The amplification protocol included initial denaturation
step, 5 min at 94 ◦C, followed by 35 cycles with 30 s at 94 ◦C, 45 s at annealing temperature
(55, 58, 60 or 62 ◦C) and an extension for 45 s at 72 ◦C, with a final extension step of
10 min at 72 ◦C. After PCR procedure optimization, the obtained products were determined
using fragment analysis on Genetic Analyzer 3130 (Applied Biosystems, Foster City, CA,
USA) and analyzed in Gene Mapper software version 4.0 (Applied Biosystems, Foster City,
CA, USA). The reaction volume of 10 µL consisted of 2 µL of mixed differently-labelled
PCR products, 0.2 µL GeneScan 500 LIZ as a size standard and 7.8 µL of Hi-Di. For each
microsatellite and barley group, the parameters of genetic diversity were obtained in
GeneAlEx software 6.5 (The Australian National University, Canberra, Australia) [34],
namely, the number of detected alleles per locus, the number of effective alleles, Shannon’s
information index, the number of private alleles, polymorphic information content (PIC),
observed heterozygosity, unbiased expected heterozygosity, Wright fixation index, and
allelic richness. The PIC value of the individual markers was used to evaluate the diversity
level of each SSR marker using formula: PIC = 1 − ∑(pij)2, where pi represents frequency
of jth allele for marker i. Allelic richness was calculated as the total allele count within the
group divided by the group size. The number of private alleles represented the number of
alleles unique to a single group.
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Table 1. Names, pedigrees, country of origin, row type, growth habit, and the year of release of the 90 barley genotypes.
No Genotype Pedigree Data Origin RT GH Year
1 Amethyst Domen/4/Valt/H.jub//Voldagsen/3/Diamant CZE 2 W 1973
2 Sonja Tria/Malta DEU 2 W 1974
3 Novosadski 183 Ager/Emir SRB 2 W 1977
4 Victoria N/A 1 ROM 2 W 1977
5 Novosadski 299 Fr33/NS.190 SRB 2 W 1983
6 Sonate Sonja/Firlbeck Strain DEU 2 W 1983
7 Sladoran Alpha/Mursa CRO 2 W 1984
8 Novosadski 307 Fr33/NS.185-2 SRB 2 W 1984
9 Perun HE 1728/Karat CZE 2 W 1987
10 Panonac Alpha/Osk. 3.145–77 CRO 2 W 1987
11 Novosadski 323 NS.185-2/Fr33//Osj.goli/3/NS.185-2/4/Sonja SRB 2 W 1988
12 Novosadski 331 NS.185-2/2*Fr33 SRB 2 W 1989
13 Regina Labea/Marinka DEU 2 W 1995
14 Tiffany Labea/Marinka DEU 2 W 1995
15 Novosadski 519 Rodnik/Corona SRB 2 W 1998
16 Novosadski 525 NS Ranij-1/Novo.293//NS.327/3/Sladoran SRB 2 W 1999
17 KH Korsó KA-386-007/Rex HUN 2 W 1999
18 Novosadski 529 OJK 8-82/Novo.293//Sladoran SRB 2 W 1999
19 Vanessa Br.652h/Br.1201a//Astrid DEU 2 W 2000
20 Novosadski 535 L.107-87/Sladoran SRB 2 W 2000
21 Boreale Bengal/Angora FRA 2 W 2000
22 Novosadski 565 Sonate/OSK.5.197–10.85 SRB 2 W 2003
23 Novosadski 581 Sonate/Novo.331 SRB 2 W 2005
24 Novosadski 583 NS.327/Kaskade//Novo.295 SRB 2 W 2005
25 Novosadski 589 Sonate/NS.525 SRB 2 W 2006
26 Novosadski 593 Nov225/Zone SRB 2 W 2007
27 NS 500–0601 NS150/NS.525 SRB 2 W 2008
28 NS 500–0602 Irla/NS.525 SRB 2 W 2008
29 NS 500–0701 Novo.525/KM.914 SRB 2 W 2009
30 NS 500–0702 N/A SRB 2 W 2009
31 NS Pinon N/A SRB 2 W 2010
32 NS 500–0802 Marylin/Sonate//Novosadski 525 SRB 2 W 2010
33 NS 500–0901 KG.8-4/Novo.299//Novosadski 183 SRB 2 W 2010
34 NS 500–0902 Novosadski 525/Korso SRB 2 W 2010
35 NS 500–1001 Novo.293//Sonate/NS.525 SRB 2 W 2010
36 NS 500–1002 NS.151/NS.27 SRB 2 W 2010
37 Favorit Diamant/Firlb.Union CRO 6 W 1973
38 Novosadski 27 Ceres/Jumbo SRB 6 W 1973
39 Robur Ager/Grignon//Ares FRA 6 W 1973
40 Antares Ager/2*Grignon/3/Ares FRA 6 W 1974
41 Novosadski 150 Ceres/Engelen Dea//Leon SRB 6 W 1976
42 Plaisant Ager/Nymphe FRA 6 W 1979
43 Novosadski 313 Dura/2*NS.150 SRB 6 W 1987
44 Novosadski 321 NS.272/Novosadski 27 SRB 6 W 1988
45 Novosadski 329 Novo.4082/3*Novosadski 27 SRB 6 W 1990
46 Botond KFD-4/K-79-4 HUN 6 W 1991
47 Gotic Robur/Athene//FDE7926-18 FRA 6 W 1991
48 Novosadski 701 Aksamit/NS.185-2//N027 SRB 6 W 1991
49 Novosadski 703 Novo.150/Riso Mutant 1508//Novo.27 SRB 6 W 1992
50 Galeb L.2-79/NS.305 SRB 6 W 1993
51 Veslec 102//121/Karnobat BLG 6 W 1994
52 Panagon No.4074-79/Ruen//M-20-H BLG 6 W 1994
53 Epona Borwina/Plaisant//Gaulois FRA 6 W 1998
54 Grand N/A SRB 6 W 2002
55 Novosadski 737 Plaisant/Galeb SRB 6 W 2002
56 Nonius Plaisant/Novo.313 SRB 6 W 2003
57 Ozren Galeb/Botond SRB 6 W 2004
58 Javor NS 27/Novo.313 SRB 6 W 2004
Agronomy 2021, 11, 118 5 of 17
Table 1. Cont.
No Genotype Pedigree Data Origin RT GH Year
59 Atlas NS 717/Botond SRB 6 W 2005
60 Sremac Gotic/Novo.150 SRB 6 W 2007
61 Leotar Gotic/Tamaris SRB 6 W 2007
62 Cer Botond/Novo.150 SRB 6 W 2008
63 Rudnik Gtk1/Tamaris SRB 6 W 2009
64 Jaram Robur/NS.717 SRB 6 W 2010
65 Pančevac Gotic/NS.721//Novosadski 313 SRB 6 W 2010
66 NS Krajišnik Gotic/Tamaris SRB 6 W 2010
67 NS Majur Gotic/NS.721 SRB 6 W 2010
68 NS 700–0901 Gotic/Tamaris SRB 6 W 2010
69 NS 700–0902 NS.723//Radical/Birgit SRB 6 W 2010
70 NS 700–1001 Robur/NS.717 SRB 6 W 2010
71 NS 700–1002 Gotic/Tamaris SRB 6 W 2010
72 Novosadski 292 NS.38/Emir//Union SRB 2 S 1980
73 Novosadski 294 NS.39/Emir//Union SRB 2 S 1983
74 Novosadski 301 NS.127/Union SRB 2 S 1985
75 Novosadski 310 NS.96/Emir//Fr 33 SRB 2 S 1994
76 Viktor Akka/2*NS.96//2*NS.185/3/Spartan/4/NS.297 SRB 2 S 2001
77 Novosadski 448 Cork/Hind SRB 2 S 2001
78 Novosadski 456 Osk.5.241-1-83/Menuet//Viktor SRB 2 S 2002
79 Novosadski 488 Novosadski 294/Alva//NS 316 SRB 2 S 2003
80 Novosadski 462 Fj.8168-85/Menuet SRB 2 S 2006
81 Golijat Condor/CDC Down SRB 2 S 2009
82 NS 400–0701 N/A SRB 2 S 2009
83 NS 400–0702 N/A SRB 2 S 2010
84 NS 400–0801 N/A SRB 2 S 2010
85 NS 400–0802 N/A SRB 2 S 2010
86 NS 400–0901 N/A SRB 2 S 2010
87 NS 400–0902 N/A SRB 2 S 2010
88 NS Vujan NS 434/Alexis SRB 2 S 2012
89 NS Marko Jelen/TP 129 SRB 2 S 2012
90 NS Mile NS 422/Alexis//Gimpel/Pek SRB 2 S 2012
1 N/A—not available, RT—row type, GH—growth habit. 2*—two backcrosses with the following genotype, 3*—three backcrosses
with the following genotype. CZE—Czech Republic, DEU—Germany, SRB —Serbia, ROM—Romania, CRO—Croatia, HUN—Hungary,
FRA—France, BLG—Bulgaria; W—winter, S—spring.
The population structure of 90 barley genotypes was inferred by Bayesian statistics
model implemented in the program Structure v.2.3.4 (Stanford University, Stanford, CA,
USA) [35]. The algorithm was performed using admixture model with 10 runs for 2
to 10 assumed groups using 100,000 Markov chain repetitions after a burn-in period of
100,000 iterations. The most probable number of clusters was estimated by plotting the
estimated likelihood values the Ln Pr(X|K) and by calculating the delta K (∆K) model, as
an ad hoc statistic based on the rate of change in the log probabilities between successive
assumed number of groups (K) developed by Evanno et al. [36]. To determine the true
number of groups that best fit the data, likelihood values across multiple values of K were
compared and visualized by the software Structure harvester v.0.6.94 [37] and reported as
multiple modes from Clumpak results within replicate runs for given K [38]. A cut-off limit
of 50% was used to assign each genotype to an individual cluster. In order to verify the
results obtained with Structure and examine the genetic relationships among the genotypes,
a principal coordinate analysis (PCoA) based on molecular data was performed using
covariance matrix with standardized data in the program GeneAlex 6.5 (The Australian
National University, Canberra, Australia) [34], considering the whole population and the
row type groups individually. An analysis of molecular variance (AMOVA) was performed
on the clusters obtained in the program Structure to assess the population differentiation in
the software GeneAlex 6.5 (The Australian National University, Canberra, Australia) [34].
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The pedigree data were obtained from the Barley pedigree catalogue (http://genbank.
vurv.cz/barley/pedigree/pedigree.asp) and from available breeders’ records (Table 1). For
pedigree analysis, the coefficient of co-ancestry between genotypes was calculated using the
Winkin2 program (Agriculture and Agrifood Canada, Ottawa, ON, Canada) [39] obtained
from the authors upon request. The coefficient of co-ancestry was assumed to range from 0,
in the absence of any degree of relatedness, to 1, which explained the maximum degree
of kinship. The obtained kinship matrix was transformed into a distance matrix. The
Mantel test was used to determine a correlation between the genetic similarity matrix based
on SSRs and the pedigree matrix in the program GeneAlex 6.5 (The Australian National
University, Canberra, Australia) [34].
The field experiment was performed at the experimental site Rimski šančevi (45◦20′ N,
19◦51′ E, 84 m a.s.l.), Serbia. The experimental trials were conducted in a randomized com-
plete block design, sowing in three replications (blocks). The sowing date was conducted
on 5, 8, and 10 October for winter varieties, and on 16, 8, and 20 March for spring varieties,
during three growing seasons of 2010-11, 2011-12, and 2012-13, respectively. The plot size
was 1 m wide and 5 m long with 0.2 m spacing between rows. The block sizes were 215 m2,
209 m2, and 113 m2, for two-rowed winter, sixed-rowed winter, and two-rowed spring
barley varieties, respectively, with 1 m between each block. Eight morphological and
agronomical important traits were evaluated, namely heading date (HD), flowering time
(FT), stem height (SH), spike length (SL), grains number per m2 (GN), hectoliter weight
(HW), thousand grain weight (TGW), and yield (YLD). Heading date and flowering time
were recorded as the number of days from the seedling’s emergence until spikes emerged
out of the flag leaf sheaths and the first anthers were visible, respectively, on 50% of plants
on the plot. Stem height was measured from the ground to the spike base, while spike
length was measured without the awns. Multivariate (MANOVA), univariate analysis of
phenotypic variance (ANOVA) and Tukey’s multiple comparison test were performed in
the statistical software R project [40]. Non-sample size dependent type III ANOVA was
used to address the unequal number of observations in each group. The partial eta-square
was used as a measure of effect size for MANOVA and ANOVA [41]. The Mantel test was
used to determine the correlation between SSRs and phenotypic similarity matrices in the
program GeneAlex 6.5 (The Australian National University, Canberra, Australia) [34].
3. Results
Out of 50 primer pairs used to evaluate genetic diversity of 90 varieties, 48 microsatel-
lites produced a clear and polymorphic band pattern covering all linkage groups, while two
were monomorphic. Allelic variants with allele frequencies below 1% were excluded from
further analysis. The molecular diversity parameters implied a considerable variability in
the barley collection. A total of 338 polymorphic alleles were detected with an average
of 6.76 alleles per locus. The average number of alleles per locus ranged from 1, for locus
Bmac0030 and Bmag0223, to 16, for Bmag0225 (Table S2). The chromosome 4H had the
highest number of detected allelic variations. The number of effective alleles varied from
1 to 9.5, with a mean of 3.6. The Shannon’s information index was the highest in locus
AWBMS56 and the lowest in locus GBM1164. Observed heterozygosity ranged from 0 to
0.067. The smallest PIC value except monomorphic loci (0.166) was observed in the locus
GBM1164, while the highest PIC value (0.895) was determined in the locus AWBMS56.
The average PIC was 0.625 in all analyzed loci, while only seven loci had the PIC value
less than 0.5. Wright fixation index values were high, ranging from 0.868 to 1.000. The
presence of null alleles was observed in two loci (Bmag0120 and Bmag0613). Structure
runs were performed for K = 2 to K = 10 based on the 50 SSR data. Ln Pr(X|K) values
increased sharply until K = 4, following which the increase was slow without reaching
the plateau. The Clumpak identified the highest ln Pr(X|K) value for K = 9 as the most
appropriate number of clusters in this collection (Figure S1). The primary division at K = 2
was observed mainly between winter (orange) and spring type (bright blue) (Figure 1).
The third group (K = 3) comprised of genotypes differing in growth habit and row type
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marked with orange (W2R), bright blue (W6R), and purple (S2R) colors. Within K = 4, the
genotypes mostly originating from France, Germany, and Hungary were separated in a
distinct cluster (dark green). These genotypes were additionally divided into two new
clusters generally based on the row type (K = 5). The next clusters were obtained from
the spring genotypes, where varieties mostly from the third breeding period were singled
out into a new sixth group (K = 6). The seventh (K = 7) emerged from the two-rowed
winter group, comprising some varieties from the first breeding period. Several six-rowed
varieties mostly from the second breeding period were further differentiated into a new
cluster (K = 8). The ninth subcluster (K = 9) could be explained by the first, second, and
third breeding periods detected in spring varieties, although the division was imprecise
and not clear-cut. The results of population structure obtained with Evanno’s principal
model showed that analyzed genotypes could be distributed into three separated clusters






Figure 1. Inferred structure of 90 barley genotypes estimated with Clumpak distruct analysis. Each
variety is represented by a vertical line which is divided into K colored segments proportional to the
likelihood of its membership to the assigned cluster from K = 2 to K = 9. W2R—two-rowed winter
genotypes, W6R—six-rowed winter genotypes, S2R—two-rowed spring genotypes, BPI—the first
breeding period, BPII—the second breeding period, BPIII—the third breeding period.
The PCoA revealed genetic differentiation of the barley genotypes also into three
clusters clearly divided according to their row type and growth habit (Figure 2). The
first two main coordinates accounted for over 35% of total molecular variation. The first
coordinate separated most of the winter two-rowed barley genotypes from the other two
groups, whereas the second principal coordinate additionally split winter six-rowed barley
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from the spring two-rowed genotypes. The clustering of the barley genotypes by the PCoA





Figure 2. Principal coordinate analysis of 90 barley genotypes based on microsatellite data. Red diamond—winter
two-rowed barley; yellow square—winter six-rowed barley; blue triangle—spring two-rowed barley.
Taking into account different year of release of the analyzed varieties, three partly
overlapping groups could be noticed, reflecting three different breeding periods (Figure 3).
The first group consisted of 24 varieties released from 1973 to 1990. The second group
comprised 28 varieties released from 1991 to 2004 and in the third group contained 38
modern genotypes developed from 2005 to 2012. The shifts in genetic diversity throughout
the breeding periods could also be observed by PCoA, which showed broader genetic
diversity of the genotypes that contributed to the second and the third periods in com-
parison to those that represented the first breeding period. The first group of genotypes
released from 1970s to 1990 displayed significantly narrower molecular variability and
was separated by the first coordinate from the other groups. The genotypes from the third
breeding period were more distant from the barley genotypes from the first period, and
the varieties from this breeding period were the most dispersed on the PCoA biplot and
markedly overlapped with the second breeding period clusters.
The level of molecular diversity was compared between the groups of barley geno-
types based on the historical breeding periods, the row type, and growth habit (Table 2).
The highest number of alleles per locus (5.80), private alleles (1.4), unbiased expected het-
erozygosity (0.66), PIC value (0.65), and total number of detected alleles (290) were detected
in the genotypes released in the last breeding period (2005–2012). This barley group was
characterized by the highest values of all molecular diversity parameters, except for the
allele richness. The varieties from the second breeding period (1991–2004) demonstrated
less molecular diversity, whereas the barley varieties developed during the first breeding
period (1973–1990) proved to be the least diverse.





Figure 3. Principal coordinate analysis of 90 barley genotypes based on microsatellite data and the year of release. The
historical period of release: green diamond—group I of varieties released from 1973 to 1990; blue square—group II of
varieties released from 1991 to 2004; yellow triangle—group III of varieties released from 2005 to 2012.
Table 2. Molecular diversity parameters in barley groups according to the breeding period, growth
habit, and row type.
Na I Np Ne uHe PIC TNa AR
Breeding period
1977–1990 (I group) 3.72 0.82 0.28 2.19 0.43 0.43 186 7.75
1991–2004 (II group) 4.46 1.07 0.48 2.77 0.56 0.55 223 7.96
2005–2012 (III group) 5.80 1.35 1.40 3.58 0.66 0.65 290 7.63
Growth habit and row type
W2R 1 4.80 1.05 0.70 2.62 0.53 0.53 240 6.67
W6R 4.48 0.95 0.54 2.43 0.48 0.47 224 6.40
S2R 4.84 1.24 0.86 3.34 0.64 0.62 242 12.74
1 W2R—winter two-rowed type, W6R—winter six-rowed type, S2R—spring two-rowed type, Na—number of
detected alleles per locus, I—Shannon’s information index, Np—number of private alleles, Ne—number of
effective alleles, He—unbiased expected heterozygosity, PIC—polymorphism information content, TNa—total
number of alleles, AR—allelic richness.
Considering the grouping based on spike architecture and seasonal growth habit,
the spring two-rowed barley manifested the highest values for all molecular diversity
parameters, although this group comprised the smallest number of genotypes (Table 2).
The winter two-rowed varieties were more diverse than winter six-rowed types, taking
into account all diversity parameters.
The AMOVA analysis showed that 37% of the total molecular variance attributed to
genetic variation among populations, the main proportion of the total molecular variation
(62%) was explained by variation among individuals within the groups, while only 1% of
the total variance was associated with differentiations within individuals (Table 3). Pairwise
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Nei genetic distances between groups ranged from 0.309 (between W2R and W6R) to 0.499
(W6R and S2R).
Table 3. Analysis of molecular variance among and within barley groups.
Source of Variation df 1 MS Est. Var. Var Nei PhiPT p Value
Among groups 2 407.5 6.65 37%
0.309 (W2R vs. W6R)
0.472 (W2R vs. S2R)
0.499 (W6R vs. S2R)
0.375 0.001
Among individuals 87 22.01 10.94 62%
Within individuals 90 0.12 0.12 1%
Total 179 17.71
1 df—degrees of freedom; MS—mean square; Est. var—estimated variance; Var—the percentage of total molecular variance attributed
to variance among populations, among individuals and within individuals; Nei—pairwise population Nei’s genetic distance, PhiPT—
population differentiation value, W2R—winter two-rowed type, W6R—winter six-rowed type, S2R—spring two-rowed type.
In order to examine the correlation between molecular and pedigrees data, the genetic
distances matrices based on the microsatellite and pedigree data were compared. The
comparison of SSR and pedigree distance matrices using Mantel test showed a significant
and a moderately low positive correlation (r = 0.53, p < 0.001) (Figure 4a). In addition,
the correlation between the molecular and phenotypic data (Figure 4b) were also posi-





 Figure 4. Correlations between molecular and pedigree similarity matrices (a) and between phenotypic and molecular
similarity matrices (b) by Mantel test in GeneAlex 6.5 program.
In order to test if the combination of the independent variables simultaneously ex-
plained a significant amount of variance in the dependent variables, MANOVA was
performed (Table S3). The multivariate Wilk’s lambda test showed significant main effects
of the season, row type, breeding period, and their interactions. Partial eta-square values
were used to indicate the proportion of the variation in the dependent variables associated
with the main effects and their interaction. The results showed that 50.7% and 83.7% of the
variance is accounted for by the season and the row type, respectively, while the breeding
period and the interactions accounted for much less.
The ANOVA for each trait separately showed that most of the investigated traits varied
significantly between seasons, row types, and breeding periods (Table 4, Tables S4–S11).
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The effect of the season was not significant for hectoliter weight, whereas the effect of
breeding period was not significant for spike length and hectoliter weight. In addition to
individual main effects, the mutual interactions for most of the analyzed traits were also
significant (Table 4, Tables S4–S11). The season by breeding period interaction was not
significant only for spike length. The interactions between row types were not significant
for plant height, spike length, and thousand grain weight. The significant season by row
type by breeding period interactions were determined for all traits but spike length and
thousand grain weight. For all traits, the partial eta-square values were the highest for the
row type, followed by the season (Tables S4–S11).
Table 4. Comparison of means for eight agronomical traits of two-rowed winter, two-rowed spring, and six-rowed varieties













W2R (36) I 203 b 206 b 89.4 b 9.3 a 17,352 a 42.0 a 72.4 a 7.09 a
II 201 a 204 a 85.6 a 10.2 b 18,009ab 44.4 b 72.5 a 7.86 b
III 201 a 204 a 85.0 a 10.3 b 18,390 b 45.1 b 74.1 b 8.06 b
CV (%) 2.8 2.9 12.8 13.5 19.3 11.2 3.3 21.9
Average 202 205 86.5 10.0 17,870 43.8 72.9 7.70
S2R (19) I 72 a 74 a 70.3 ab 8.7 a 11,961 a 31.9 a 66.8 a 4.14 a
II 73 a 75 a 68.7 a 9.4 ab 12,047 a 36.2 b 67.8 a 4.31 a
III 72 a 74 a 72.4 b 9.6 b 13,377 a 37.0 b 69.2 b 4.46 a
CV (%) 2.0 1.9 13.0 12.6 20.3 14.8 5.5 21.9
Average 72 74 71.2 9.4 12,309 35.7 68.4 4.36
W6R (35) I 209 c 211 c 92.0 b 6.5 a 18,787 a 34.9 a 68.0 a 6.70 a
II 206 b 209 b 87.1 a 6.7 a 19,000 a 38.6 b 68.2 a 7.25 b
III 204 a 207 a 87.5 a 6.9 a 20,067 b 39.2 b 68.7 a 7.66 c
CV (%) 7.0 7.1 8.7 27.9 28.9 13.2 4.9 26.4
Average 206 209 88.8 6.7 19,330 37.6 68.3 7.23
Season *** *** *** ** *** *** ns ***
Row type *** *** *** *** *** *** *** ***
Breeding period *** *** ** ns ** *** ns ***
Season × row type *** *** * * *** ** ** ***
Season × breeding
period *** *** *** ns *** *** * ***
Row type ×
breeding period * * ns ns *** ns ** *
Season × row type
× breeding period *** *** * ns *** ns ** *
1 HD—heading date, FT—flowering time, SH—stem height, SL—spike length, HW—hectoliter weight, TGW—thousand grain weight,
YLD—yield, GN—grain number per 1 m2; W2R—winter two-rowed type, S2R—spring two-rowed type, W6R—winter six-rowed type; I, II,
III—breeding periods. CV—coefficient of variation. Different letters indicate significant differences (p < 0.05) between mean values obtained
by Tukey’s multiple comparison test. *** significance at 0.001 probability level, ** significance at 0.01 probability level, * significance at 0.05
probability level, ns—non significant.
Comparison of three groups with different row types revealed that two-rowed winter
barley had earlier heading and flowering time than six-rowed types. Furthermore, the two-
rowed winter group showed shorter stems, longer spikes, less grain number per m2, greater
thousand grain weight, greater hectoliter weight, and greater yield than the six-rowed
types. Most of the yield-related traits had the lowest values for the spring two-rowed
barley group. Yield and grain number per m2 had the highest coefficients of variation
ranging from 21.9% to 26.4% and from 19.3% to 28.9%, respectively. The smallest variation
was observed for the heading and flowering time with coefficients of variation varying
from 2.8% to 7% and from 2.9% to 7.1%, respectively (Table 4).
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The varieties that belonged to different historical breeding periods significantly dif-
fered with respect to almost all of the investigated traits. The earliest heading and flowering
time were observed in the third historical period for the six-rowed barley varieties, and in
the second and third period for the two-rowed winter barley group. The average value of
plant height significantly decreased in the last two breeding periods compared to the first
period in the two- and six-rowed winter varieties. The significant increase of spike length
during the breeding periods was noticed in two-rowed winter and spring barley, while
the changes for the six-rowed barley over time was not detected. Both two- and six-rowed
winter varieties showed an increase in grain numbers per m2 over time. Thousand grain
weight significantly increased throughout the investigated historical periods, especially in
the two last for all three barley groups. For both winter and spring two-rowed varieties,
there was a significant increase in hectoliter weight in the third period. No significant
changes of hectoliter weight over 40 years were observed for the six-rowed type. Yield, as
one of the most important agronomic traits, improved significantly over time. This trend of
a graduate increase was more pronounced in six-rowed winter types, with the mean values
ranging from 6.7 tha−1 over 7.25 tha−1 to 7.66 tha−1. The yield was also considerably
improved in the second and the third period in two-rowed winter barley, with the average
values of this trait increasing from 7.09 tha−1 to 8.06 tha−1 (Table 4).
4. Discussion
Globally, the breeding of modern cereals caused a rapid decrease of genetic diver-
sity level over time due to focused selections on targeted genes or quantitative trait loci
(QTLs) [42]. Therefore, the information of the current state of genetic diversity and the
level of a potential genetic reduction in European germplasm could be of great importance
for barley breeding in effectively improving important traits and accurately estimating
genetic relationships and diversity [43]. Gougerdchi et al. [8] emphasized the assessment
of genetic diversity based on molecular markers as one of the primary and essential steps
in the modern breeding strategy. Considering the significance of revealing allelic changes
and population structure over time [44,45], the aim of our study was to detect changes that
occurred during several decades of breeding efforts at IFVCNS. The molecular diversity
parameters implied a considerable variability in our barley collection. Among 90 analyzed
barley genotypes, the chosen set of 50 markers amplified 6.76 alleles per locus, with a range
from 1 to 16 alleles and mean PIC of 0.62. The results were comparable with the findings
of Varshney et al. [46], who reported an average PIC value of 0.58 in barley lines from six
countries using 28 microsatellites. Our results also agreed with the mean PIC value of 0.57
in Brazilian genotypes obtained with 34 SSR loci [10]. In other diversity studies, mean
PIC values were somewhat lower than those presented in this study, ranging from 0.28
to 0.46 [8,47,48], which could probably be due to a relatively small area of the genotypes’
origin [5]. Rajala et al. [9], however, demonstrated a satisfactory level of variability in north-
ern European barley genotypes, hence contesting the effect of genetic erosion implicated
by geographical frontiers and complying with a high level of genetic diversity found in
our barley collection.
The introduction of new breeding material had great importance for improving the
most important selection traits. In this study, two-rowed spring and winter varieties had
higher values of genetic diversity parameters than the six-rowed varieties, which is in
agreement with the findings of Surlan-Momirovic et al. [49] and could be explained with
the use of more diverse breeding material for developing two-rowed varieties and more
intensive germplasm exchange of two-rowed barley than that of the analyzed six-rowed
barley. Therefore, the introduction of novel germplasm and a more comprehensive usage
of genetic resources led to the enlargement of variability with new alleles in the Serbian
breeding program, which was especially evident in the second and third breeding periods.
Genetic relatedness among the barley varieties was estimated using Bayesian clus-
tering, PCoA, and analysis of molecular variance. The results of both methods outlined
by Pritchard et al. [35] and by Evanno et al. [36], as well as biological factors that could
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influence the choice of K [50], were considered when selecting the appropriate number of
clusters (in our case K = 3). To avoid underestimating population structure using only one
method to only two clusters as the top level of hierarchical structure and to ensure repro-
ducibility of structure results, we performed a hierarchical analysis, including structure
bar plots for multiple values of K according to the Janes et al. [51]. In our study, although
the maximum value of Ln (Pr(X|K) was reached for nine clusters, this result did not have
its full biological and agronomical justification. On the other hand, the results based on
Evanno method in our case did not underestimate the number of groups and the obtained
three clusters best defined the studied barley collection according to growth habit and row
type. The division of the genotypes into more groups was not clear and could be only
partially explained by different breeding periods, row types, and the counties of origin.
Many studies of the worldwide [52], European [53], American [54], and Nordic [9,55] barley
germplasm confirmed that population structure was largely conditioned by differences
in row type. Moreover, Mathies et al. [56] in a genome wide association study of malting
and kernel quality showed that grouping of European barley according to seasonal growth
habit and row number could be achieved more preciously and accurately with fewer SSR
markers than with more Diversity arrays technology (DArT) markers, which was also
confirmed in the studies that compared SSRs with other types of markers [57,58].
The AMOVA results supported the PCoA and structure analysis. The partitioning
of molecular variation showed that highest variation was determined among individuals
within the same group, implicating differentiation of both seasonal growth habit and ear
row type. Similarly, Khodayari et al. [16] reported the highest diversity (60.7%) among
Iranian accessions detected within the same row type, while Koebner et al. [44] noted a
significant part of molecular variance attributed to the seasonal group. Malysheva et al. [45]
accounted for 17% and 19.5% of variation between spring and winter, and between two-
rowed and six-rowed varieties, respectively, which was similar to the variance share
observed between the groups in our study.
The presence of moderately low correlation (r = 0.53) between microsatellites and
pedigree data was comparative to the correlation (r = 0.46) between the pedigree data of 92
Canadian barley varieties and 50 SSR markers [19]. The relatively low correlation between
microsatellites and pedigree data could be a consequence of pedigree errors which are
common in breeding. Moreover, inaccurate pedigrees could also be due to incomplete data,
as a lack of some ancestry information could prevent pedigrees from being traced back for
several generations. Since breeding is a complex multistep process, the presence of incorrect
pedigrees could subsequently lead to inadequate estimates of genetic parameters such as
additive variance, heritability, genetic correlations, and breeding value [21]. This deficiency
in pedigree data could be corrected by simultaneous genotyping parents and progeny
applying dense panel of molecular markers [59]. A stronger correlation could be obtained
with more markers that would allow more precise estimation of actual relationships
between related genotypes and identification of the genome regions that were inherited
from a common ancestor [60]. A slightly higher correlation was determined between
molecular and phenotypic data (r = 0.66). This was considerably lower than the correlation
(0.82) found between similarity distances of 21 microsatellites and 21 morphological traits
in the study of Koebner et al. [44]. It is possible that the agronomic traits used in our
study had less discriminative power, which was, in turn, reflected in a lower correction.
A positive effect on observed yield progress during the 40-year long breeding period
could be partly attributed to breeding for shorter plants, which reduced lodging and thus
provided higher yield stability. This is in agreement with Ortiz et al. [61], who observed a
reduction of stem height in Nordic spring barley varieties by 0.20 cm per year from 1948 to
1988. The observed effect of the season on plant height is in accordance with [3,62] who
demonstrated a large influence of environmental factors on the expression of stem height.
The shift from later heading and flowering varieties from the first and the second breeding
periods towards earlier heading and flowering genotypes from the third period could be
interpreted as a strategy to avoid drought [63], which is in the Pannonian Basin and other
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European countries one of the main limiting factors for agriculture production [64]. The
increase in thousand grain weight of both two- and six-rowed types during the breeding
periods was in accordance with the findings of Schwarz et al. [65] who detected consistent,
although not significant, improvement of thousand grain weight from 1910 to 1990. Both
two- and six-rowed varieties developed during the most recent period showed improved
yield-related traits, such as thousand kernel weight and grain numbers per plot, reflecting
an enlargement of genotypic diversity, which was also confirmed by the molecular analysis.
The selected microsatellites revealed a considerable level of genetic diversity, proving
suitable for the characterization of barley germplasm and its more efficient use in barley
selection process. Unlike the barley breeding in some countries that underwent a decline
in genetic diversity [3,66], molecular and phenotypic analyses in our study indicated no
genetic erosion in barley genotypes from central and southeast Europe used over the last
several decades. A considerable molecular and phenotypic diversity of the analyzed barley
varieties implied their great potential for further barley improvement and quantitative
trait studies.
5. Conclusions
The introduction of novel germplasm and more comprehensive use of genetic re-
sources could be of great importance in increasing the variability with new alleles in
Serbian breeding program, which was especially evident in the second and the third breed-
ing periods. The relatively low correlation between microsatellites and pedigree data could
be a consequence of unavailable pedigree or pedigree errors, which are common in most
breeding programs. Yield progress during the 40-year long breeding tradition could be
partly attributed to breeding for shorter plants, which reduced lodging and thus provided
higher yield adaptability and stability. The selection of earlier heading and flowering
genotypes from the third period could be interpreted as a strategy to avoid drought as one
of the main limiting factors for agriculture production in the Pannonian Basin and other
European countries.
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